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‘1’l~c  Gallilco lnissicm w a s  o r i g i n a l l y
dcsir,ncd  to investigate lupitcr  and its mocms
u(iliz.ing  a hig}~ rate, X-band ccm]n]ui~ication
downlink with a maximum rate of 134,4 kb/s.
I1OWC.VC.I, following lhc failure of Ihc high-gain
antenna (1 IGA) to fully deploy, a ccmplctcly new
commmicalion link design was cstablishc.d  [hat
is based on Ga,lilc.o’s  S-band, low-gain rrntcnna
(1 GA). “1’lE nm link relics  on dala conlprcssion,
local and intercontinental arraying ofantcnnas,  a
(14,1/4) com’o]uiional  code, a (25S,M) variahlc-
rcdundaacy }?.ccct-Solon]oa  c o d e ,  dccodillg
fccdbac%, and t,cclmiqucs  to rcproccss  lccordccl
data to greatly rcducc  data IOSSCS during signal
acquisition. 7’Iw combination of tl)csc techniques
\\’ill  cnab]c rc[urm of si~nificant  scicncc  d a t a
flom ihc mission.

1. I n t r o d u c t i o n

The (ialilco  spacecraft was launchccl  in
Ochbcr  1989 for a 6-year cmisc toward Jupiter
[1]. 11s VJi}’Xi.A (Venus lial h I:arth Gavily
Assis[)  trajcclory,  shown in Figure 1, includes
cacoun[crs  with Ilar[h and two kcy asteroids,
lcadinp,  to iis  prime objcctivc - long-term
invcs(ig,a[ion  of tlic  Jo\’ian  systcm.  During (IIC
invcsligation,  Galileo wiil rclcasc  a probe ialo
lhc Jovian ahnos]hcrc, cncountcr Jupi[cr  and its
moon 10 at C1OSC  range, and conduct  an 18-
month, 10-cncounlcr  orbital tour of l;uropa,
Ganymcdc. and Calis[o.  ‘1’hroughout  its travel, a
variety of sc.nsors will COIICC[ scientific data such
a s  ilnagcs, ma~,nctic  frclcls,  and c h e m i c a l
composition for transmission 10 NASA’s IIccp
Space NctIt’oIk  (I)SN) [racking s[ations.

‘J’l)c  Galillco clowdiak  was  o r ig ina l ly
designed to utilize a 1 S-ft-diameter palabola  -
shapxl llGA on lhc spacccrafi.  ‘1’his antcl)na  was
folded during the launch and early flight
a w a i t i n g  a n  unflwling  scqucncc  thal w a s
sclmtulc.d  for April 1991. IIow’ever, the IIGA did
n o t  oixn propcr]y,  rcsulling i n  a non-
symnmtrical  anlcnna  J~altcrn with wide gain
fluctuations rendering it incfic.clivc  for reliable

cclllllillllliCdtiolls. Aficr rcpcatcd  atlcmpts  t o
scdvc  this anomaly, (1)c mission was rcoric[ltcd  ill
March 1993 to usc tlm S-band 1 GA.

}lc~ausc of the fyca( reduction of tlm pcmc.r
rwcivcd at the ground stations, the Galileo
project has lc.amcd with  the appropriate tcchaical
orgaui~ations to dc.wlop a col~~l~]tll~icatio]~s  plan
that maxia~i~cs  tllc  data rc.turn  for the 1 J3A-
bascd S-band link [2]. ‘l”hc remainder of this
ar[i~lc dcscribcs  ia some detail the tcclaiqm
Nilizcd in this dcsi~a  and their applications to
future space missions.

11, l,ink l)csign

In redesigning the link, IItc tc.am scarclwd
for Inctllods that maxilnizc tllc  “ban~ for the
buck”; i.c, lhosc that provide tllc  most cost-
Cfl’cc(ivc  illcrcascs  in scicncc  return. I’his prot)cd
to bc a clclicatc  task - unlilw  measures like
translnittcr  pcmcr  or data ralc that arc obicctil’c
and Icnd thcmsclvcs  to easy quantifying, and
comparison, “scicncc  Icttlrn” i s  a  subjxlivc
lncasurc and dcpcncls on the clld-user’s
~,rcfcrcnccs.  “1’hc  rcsul[iag design lc.lies hcavi]y
on da[a compression, augmented by channc]
coding,, ar[aying, and antcnaa  improvcmcnls  to
both incrcasc [IIC rate of (1IC do~vlilink  and the
“valm”  ofcach downlinkcd  bit.

As sl)own  iii }rigurc  2, in il]lplcmcll[ing  this
nc.w dcsicn,  J]’], will bc loading ncw software on
the  Cialilco  spacccrafi,  c[lhancing  the l)SCCs
(I)ccp Space Coltlilllll[icatiolls  Complcxcs)  at
Goldstonc,  California, Canbcrla,  Aus[ralia  and
h4adrid, Spain, and upg[ading other processing
facilities. ‘1’hc l)SCC  impro~cmcnts  consis(  of a
ncw subsyslcm,  denoted IKi’1’ (I)SCC Galileo
‘1’clclnctry)  that will bc imlallcd  at tllc l)SCCs  in
late 1995 and improvmncnls  to lhc Caabclja
an[cllnas.

II, 1 Data Compression

Galileo gcncra(cs tlmc type.s of da[a:
itnagcs,  low-raic scicncc,  and cn~inccriag.  Wit])
a large number of al~orithms available in the



publislmd litcralurc,  tlm overriding issue \\’as to at the time, was modclu technology: 8-bit and
idcn(ify those algorithms that arc msponsivc  to 16-bit microprocessors ~vitll  total nwmory of ICSS
the spacca aft conslrainls;  the compression was than 1 MIw, well below what a n~odcrl~
rcslrickxi to algorithms that could bc dcsk(op workstation would ccmsidcr  a s
in]plcnmntcd  i n sofiwarc  i n  the  spaccmafl accept able.
mmputcrs. Cialilco,  a late ’70s design, uscs  what,
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‘1’hc dcsi,gn  team has sclcclcd to compress
the image data primarily with an 1 ntcgcr Cosine
q’ransform (KT) [3,4], a derivative of the
conventional Discrctc  Cosine Transform (1X:’]’)
method. ~’hc ICY]’ is an especially economical
il~~~~lc]~~c[~tatiol~  for fixed point j]roccssors. in the
pasl,  ]ossy algorithms, such as the IJC1’/IC’l’
have bc.cn rcjcctcd from usc in 1 )ccp Space
probes duc to the uniqueness of the data. With
tllc  Galileo prc.dican~cnt,  a team of dcvclopcrs
and scientists dctcrminc.d that w)it}l colnprcssion
ra(ios as high as 10:1, the rcsulling imag,cs
though  not ideal, arc of acceptable quality.

“J’l~c  1~’1’ illjl)lcl)]cl)laliol)  for Galileo is
augmntcd  wih an error-containment capability.
“J”his  is impmlant  bccausc  the deep space link
of[cn opcratc!s wilh rcdwxd margins and is
sensitive to data gaps. I’lIc ICI’ citor
containment is applicti 10 minimiz.c  the impact of
the gaps that could not bc avoided.

For the low-ralc  scicncc  and cn~inccring,
data the design t e a m  cxmsidcrcd  IOSSICSS

al~orilhns  focusing on the kicc [5], 1 mnpci-Y,iv-
Wclsh (1,7-W) [6], and lIutTn~an cocic  171. .
approaches. ‘1’hcsc  approaches arc stiil  bcinc
evaluated }!)i[b emphasis on mi]lin~i~.inc  the
ad(iitional  loading on the rcstriclc.d  spacecraft
computer rcsourccs.

11.2. Data Rate A\ ’eraging

l;igurc 3 S1V3WS  qualitatively how tllc
“scicncc  capture” and “dowdink capacily’( vary
for a (Jpical  deep space mission,  tllc  dowmlink
capacity \rarics  primarily with the distance of the
spacccraf[  flom l{arlll,  i n  contrasl,  scicncc
capture is c)fmn massive duriw  sholt  cwnls
(c.p,., planetary cncountc.rs) will]  10IIC “auisc”
periods in bctwccn,  where much  lmvcr  VOIIIII)C  of
scicncc data is cap! urcd. Missions
col[~ll~lll~icatiol~s  syslcms  arc designed to IIanc]lc
Ihc peak scicncc caplurc,  resulting in cxccss link
capacity during  IIIC “cruise” phase.s. I’)ior  to tllc
Galiico  }IGA anomaly, this was the planned
Cialilco stralcgy.  }lowcvcr  with the anomaly, it
bccamc  desirable 10 tmficr  data during, peak



scicncc  caphm pc.riods to rcducc  the variation in
dciwlink talc.
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Chlilco IIas t w o  such bufkring  alcas:  an
cm-board tape rccordcr and the rcsidcn(  memory.
‘I”hc iapc rccordcr, willl a total  capacity of
approximately 100 Mt3ylc  is used 10 record
ilnagcs  and other data at cncountcr  periods and
then rciday the data at a much slower rate dllring
cruise periods. The resident memory is used to
s(orc  and tcplay  the pIobc  data and to add a

furlhcr buffet bchvccn the tape rccordcr replay
and the dowdink transmitter.

‘1’his  bdlcrity, allows for spreading of tllc
data Icturn to optimi~.c  Ihc link utilization and
minimize umscd link capacity, in line with tlic
low achievable data rates and the higl~  p,oals of
lhc (ialilco mission. }Iowcl’cr,  it also imi~oscs  a
lmavy burden on the p,round Iccciving  slatiohs.
As cwcntly  stated, Gali]co  requires contil]uous
supj>or[  (24-lmlrs  pcr day for almos[ 2? ycals)
from the IISN 70-IN network, plus aufwcntation
from some 34-11)  antennas.

11.3 IIfnprmx’d Channel (Ming

Cialilco  lplammd  on utilizing a channel
coding schcmc  similar to the standard (XXO)S1
chamcl cc,ding,: concatcmatcd (7,1/2)
com’olutional  code and (25 S,2.23) IUxd-Scdcmlon
(WS) Godc. To impro~c  pcrformamc,  a modified

] C(N )S - (kmsultntivc  Commi((cc  for Spat.c 1 )ata
Standmcts

coding schcmc  [8], shcmm in l’iy,urc  4 ,  i s
implcmcntcd.  Its kcy feature.s arc Iistcd below:

(a)

0)

(c)

(d)

A (14,1/4) convollltional  code that provides
approximatc]y  1.2 dll coding gait] ovc.r the
(7,1/2) code. ‘1’hc selection of the (14,1/4)
code is forced by the hardware
configuration c]f Galileo - it is impossible
to by-pass the hardmrc  (7,1/2) cncodcr,
I)cllcc tllc IIighc.r-constraint  c o d e  i s
cons(ruc[cd  by cascariinp,  an (1 1,1/2)
software cncodcr  to the (7,1/2) harchvarc
cncodcr. ‘1’ho@~ Hot opt imal  among
(14, 1/4) col~volutional  codes, it pmvidcs
remarkable doding,  p,ail~.

A  variab]c  Icdunclancjf  I U S  c.odc.  ‘1’l)c
parlicu]ar illlj~lclllclitatioll  ulili7.cs  a  4-
rcdundancy code.

A rc.-clccocling path, where clata  that IIavc
been dccodcd by the Vilcrbi  clccodcr and
WS dccoclcrarcthcll  passed a second time
(and if nccdc.d,  additional titncs)  through
the Vi(clbi  and WS dccoclcrs.  I)uringc.ach
pass, (I)c Vitcrbi dccodcr  operation is
“aide.d” by the kllowlcd~c  lhat some bits
w e r e  dctcrminccl “ t r u e ”  in prcviom
pass(cs).

lmprcwcd synchronization schcmc  [9] thal
accomplishes frame sync slid  Vitcrbi
dccodcr node sync  jointly.



Chwmll,  lthc dcmdcr  pmvidcs a coding  gain that the dcmdcr  performance is measured at a bil
of approximately 1.8 dll, compare.d to the rmor rate of S* 10-3.
standatd  published by the CCYWS s(andard.  Note
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I;igurc  3. “Sckmcc  caplurc.”  w “1 lowlink  capacily”

As dcscribcd  earlier, (IIC downlink will
opclatc continuously and transmit  compressed
data. IIccausc  of the compression and codin~,
even mimtc intcrrwptions  pose the risk of data
being mdccodlablc  with rcsalting, scwrc damacc
tothc. dcccmprcssicm  proccss.  Such gapsoccurin
the. deep space coll~ll~[l]~icatiolls  link duc to
rccciiw and dccodcr  acquisition periods,
point ing crm,rs, and momentary cqliipmcnt
failures. l’ho@ it isil~}])ossit~lc  to flllly})rc~’clll
these gaps, the 1X31’ incorporates two
capabilities that greatly rcducc their impacl:

(a) l<ccording and bufl-cring  - as SIIOWH in
l’igurc  5, (hc IKH’ provides cxtcmivc
rccordin~  of the signals, including prior to
any s}’tlcllrolliza(ioll.  ‘1’his protcc(s  agaiml
data losc:sdllril~g  accl~lisilioll.

(b )  Adaptive  gap-closurc algorithn~ sconsislin~
of soflwatc  that attempts to rccovcr  data by
rcproccssin~  rccordcd  data while adjmiw
the process parameters (e.g., tracking loop
bandwidth) to rccovcr data that were lost to
mismatches bctwccn  the actual  sif,nal  and
the processing paramc(crs.

Clc.arly, gaps caused by antenna pointiw
c.rrors arc likely not rccovcrablc.  Hut by and
large, thrxc Icclmiqucs  arc cxpcctcd  to provide
Ihc decompressor with a minimal-gap bil stream.

11.S Arraying

A popular tcchniquc for imcasing  the data
rate is to array the signals from mulliplc

a n t e n n a s .  F_or the weak Galileo sigl~als  in
qwstion, only Iargc ILSN an tennas ~vith
cliamclcrs of 34 m and 70 m arc used.  ‘J’WO
ariayin~  tcclllliqucs  arc applied: fall  spectrum

colabinins  [10,11] and complex symbo]
colnbining, [12].

Unfoltunatclyj  whilcarlayin~  il)crcascsthc
overall WI’ (ratio of antenna gain to syslcm
IIoisc tctnpcraturc), i[ also tenets to rcdacc IIIC
overall rcliabitity:  the link, marginal as it is,
t,ccoIi~csdcl)clldcl~tol~a  l~~lrlll,crofal}tcj~llas.  II)
adclition,  the operational complexity of such a
collfip,uration.  and Ihc associated probability of
]Iuman crlor, mus(  bc considc.rc.d.  Ncvcr[hctcss,
judicious application of arlaying  is cxpcctcd to
illlljro~’ctllco~’crall  scicnccrctuln.

11,6 llt~l~rovetiAritcr]l)as

}:inal]y, tllc G~l’oftllc individual antcilnas
imolvcd  inthc Galileo silppor(  w’ascxamillcd.  It
was observed that the I)SN antcmas were
clcsigncd for multifrcqacncy  supporl, primarily at
the S-and X-bands. ‘I’l~cll~llltifrcqllc. t~c~’slll~j~or[
aswcll astllcc xtcnsivct  cslcapabilityr  csultccl  in
rc.ccivinf, systems with less-than-optimal (ill’.
Since Galilc.o is visible primarily from the
scmthcrn  l~cmisphcrc,  tllc  I)SN cmbalkcd o n
lnodifyillg the S-band rcccivillg  syslcm  in tllc
Caihcna 70-m antenna to imprcwc  its G/l’ by
0.97 d}l.  q’his is achicvccl,  primarily, by rcducillg
the systcm noise tcmpwaturc  f]om 15.6° K to
12.5° K.
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l~i~urc 5. I)G”I’  Alc}li[cc[urc

111. lhllllrcllscs

IS the approach Iakcn in the imprm’cmclll
of t h e  clcmmlink  suilablc  for G a l i l e o  oIIly,
enabling conduct of the mission in IIE plcscncc
ofthc}lGA  anomaly, ordocst  l~isapproach  haw
a long-term payofl’/  I’hc answer dcpcllds cm tlm
direction that {LIE space program takes.

“I’hc IKiTdcsign isappropriatcf  ora spxc
progIaiN  thal focuses ot~ a large number of low-
Cosl m i s s i o n s .  For  such m i s s i o n s ,  higllly-
dircctional  anlcnnas  (mcchallical  o r  s(ccrcd-
bcam)  arc costly; broad-beam antcma  may bc
the norm. Wilh tl]cscan(cnnas, ar~d the Iimik.d
power offered by l~ol~-l][lclcar-based power
sllpp]ics,  t h e  colllll~llllicalioils  cnginccr  ]nus(
con tend  with lower data rates ancl ti~$lcr
utilization of any communication link CXCCSS.
“1’hc IKi’1’ approach provides an avenue to
optimiz.c  the scicncc  return for relatively low
data ralc..

q’hrcc classes of missions arc of special
intcrcs(:

(a) Mulliplc-objccls-in-a-beam missions - For
missiom  that usc several whiclcs to laad
and/or orbi(  a plancl,  a single antenna can
bc used for  t racking.  With the IKi’1”
approach, a single rccordcd  s{rcam earl bc
applied scqucnfially  [O extract  the data for
the. indi~’iciual vchic]cs  ili near-rca! time.
~’ransmissiolls  for individual vc.hiclcs can
bc sci~alalcd using, any o f  IIIC mullii)ic-
acccss  icclmiciues  curtcntiy in use.

(b) l.argc-uaccr(ainty-in-predict missions- At
lilms, si~accclati  cxi~crictlcc  cvcnls  where
lhc characteristics of the downlink  sigl~al
posses iargc  unccrlaintics.  Of[cn these arc
associa(cd  ~vith high dynamic cvcn[s -
chaa~coftrajcchry,  rclcasc  ofa imbc,  etc.
‘l”i~c I)(i’J’, not requiring synchronintion
prior tothcfirs[  rccordcr,  alio~vs capturing
ofthcsigaal  and imt-cvcni  lccovcry.

( c )  Shori-inlcnsc-scicllcc-cai~lurc-missions  -
l’cw  scmcn)issions,  a l l  Ihcscicncc(i  ata aTc.

captlwcd  during a short cncounlcr pcriocl.
‘1’hc  I)(i’1’ cnabics (IIC  spacccl-aft  10 buflcr
the data on-hard and slowiy  dowlink  it,



b

a s s u r i n g  t h e  a b i l i t y  to CICISC g a p s  and
mxwr an uninterrupted scicmc  shcam.

Owrall,  Ihc DGT approach seems highly
applicable to fo(urc  missions. in fact, the only
par( of the D!KC augmentation tkal will fitld
minor Usage afkr this mission is the
cnhanccmcnf for the 70-m antcma.  It will likely
bc clismanllcd  :afw the c.nd of Cialilco support.

A scicncc  rich Cialilco mission is being
cmablc.d through a ccmccn(ra!cd  cfforl  to op!imiz.c
the colllllllllllica[iolls downlink lvith
modifications both on Galileo and ia NASA’s
ground tracking systcm.  MUCII  of the tcchlliquc$,
approach, ancl cquipmci)t  can bc applied 10
support other deep space missions,

kkr!o~wl_c(lgIgy  I!!
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